Abstract
Introduction
Antibiotic resistance developed by numerous bacterial strains is the main cause for the decrease in the effectiveness of antibiotics and the treatment of infectious diseases caused by multidrug resistant bacteria represents a significant clinical problem (1, 2) . In this context, the discovery of new antimicrobial agents is crucial, and the search for new compounds has led to the exploration of various natural sources, such as plant extracts (3) (4) (5) , bee venom (6), spider venom (7) or snake venom (8) . Snake venoms are aqueous solutions containing peptides and proteins that affect the nervous, cardiovascular, and neuromuscular systems (9) . Several snake venom components are used as lead molecules in the development of new active substances for the treatment of cardiovascular diseases (10, 11) , clotting disorders (12, 13) , cancer (14, 15) , or pain (16) . Snake venoms and individual components isolated from snake venoms demonstrated antibacterial activity against several Gram-positive and Gram-negative bacteria (17) (18) (19) . Based on the results of these experiments, the antibacterial activity of snake venoms has been attributed mainly to their content in phospholipases, metalloproteinases, and L-amino acid oxidases (8) . Snake venom phospholipases A 2 (sv-PLA 2 ) are enzymes capable of hydrolysing phospholipids, but express additional biological activities, such as neurotoxicity, cardiotoxicity, and myotoxicity (20, 21) . Analgesic (16) , antitumoral (22) , and antibacterial effects (23) have also been attributed to sv-PLA 2 s. Studies focused on the antibacterial activity of sv-PLA 2 s have demonstrated that several of these proteins are active on both Gram-positive and Gram-negative bacteria, with a more pronounced effect on Gram-positive strains (19, 24) . The preferential activity on Gram-positive bacteria might be explained by the positive charge of the sv-PLA 2 molecules, which potentiates the binding of the proteins to the anionic surface of the cell wall, leading to the enzymatic degradation of its constituent phospholipids (8, 23) . Snake venom metalloproteinases (SVMP) are zinc-dependent enzymes that are able to cause haemorrhages, coagulopathies, and myonecrosis. SVMPs also inhibit platelet aggregation and induce inflammatory responses (25) . SVMPs present proteolytic activity and are capable of modulating the cell-cell and cell-matrix adhesion processes, which might be directly linked to their antibacterial activity (26) . Studies regarding the antibacterial activity of SVMPs found that these proteins show inhibitory activities against several Gram-positive and Gram-negative bacterial strains, with a more pronounced activity on Gram-positive strains. The antibacterial effect of SVMPs is partially related to bacterial anionic site recognition and degradation of phospholipid membranes (8, 26) . Snake venom L-amino acid oxidases (sv-LAAO) are FAD-binding glycoproteins that present cytotoxic, apoptotic, haemorrhagic, and antibacterial activity (27) . The antibacterial activity of sv-LAAOs is attributed to their catalytic activity during amino acid oxidations. These processes lead to the generation of hydrogen peroxide, a bactericidal molecule with activity on both Gram-positive and Gram-negative strains (8, 28) . In the study presented here, we hypothesized that venoms originating from various snake species present different antibacterial activity depending on their protein composition. The main objective of the study was to determine the minimum inhibitory and minimum bactericidal concentrations of lyophilized snake venoms and to correlate our findings with the protein composition of the venoms determined using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Material and methods

Snake venoms
Lyophilized snake venoms were obtained from commercial sources (Latoxan S.A.S., France). Stock solutions were prepared by dissolving the lyophilized snake venoms in sterile distilled water at a concentration of 8000 μg/mL and used immediately. Venoms used in the present study originated from snakes of the Elapidae and Viperidae family and included the following species: 4 CFU/well. Each plate contained two growth control wells in the last row: positive control (bacterial inoculum and water) and negative control (Muller-Hinton broth and water). All plates were incubated overnight at 35 ± 1°C. The MIC was interpreted as the venom concentration in the last well of each row that did not present visible growth. The minimum bactericidal concentration (MBC) was assessed from the last three wells that did not show bacterial growth, including the MIC one. For this purpose, 2 μL solution from each well was spot-inoculated on Columbia-blood-agar medium (Oxoid Limited, UK) and incubated overnight at 37°C. The MBC was interpreted as the lowest venom concentration that did not allow colony growth, equal with or higher than the MIC.
SDS-PAGE analysis of snake venoms
Samples taken from the stock solutions of each venom were prepared for SDS-PAGE analysis according to the method described by Laemmli (30) . Proteins were separated on 10 % SDS gels, run under 100 V voltage for 3 hours using a PowerPac HC High-Current Power Supply (Bio-Rad Laboratories, USA). Pageruler Plus prestained protein ladder, 10 to 250 kDa (Thermo Fisher Scientific, USA) was used as a molecular marker. Gel electrophoresis was followed by protein blotting, performed using an Immun-Blot PVDF membrane (Bio-Rad Laboratories, USA). Blotting conditions were as follows: 100 V for 1 hour, using a PowerPac HC High-Current Power Supply (Bio-Rad Laboratories, USA). Bands obtained following protein blotting were visualized using Ponceau S stain (VWR Life Sciences, USA). Stained membranes were photographed using a ChemiDoc XRS+ System (Bio-Rad Laboratories, USA) and the obtained images were optimised and analysed using Image Lab Software version 5.2.1. (Bio-Rad Laboratories, USA).
Results
Qualitative and quantitative composition of snake venoms varies greatly between different species. Thus, it is expected that the effects of snake venoms on different organisms can show tremendous differences. The results of the antibacterial activity of different snake venoms are summarized in Table 1 . Representative composed images showing the effect of Naja atra (Elapidae) and Agkistrodon piscivorus leucostoma (Viperidae) venoms on different bacterial strains are presented in Figure  1 and a representative image showing the effect of all tested snake venoms on S. aureus is presented in Figure 2 . As it can be observed, the effects of venoms obtained from species of the two different families can clearly be distinguished. Elapid venoms displayed reduced or no antibacterial activity against all tested strains, with the least effective venom being the one obtained from Dendroaspis angusticeps, showing no antibacterial activity at the concentration range used. All other elapid venoms had MIC and MBC values equal or above 2000 μg/mL. As a comparison, viperid venoms, with the exception of the venom obtained from Vipera latastei gaditana, displayed for all susceptible bacterial strains MIC and MBC values equal or below 500 μg/mL. Viperid venoms showed not only lower MIC and MBC values, but also displayed a higher inter-species variability for the determined MIC and MBC values. Venoms obtained from Bitis gabonica and Crotalus polystictus had the highest MIC values in the Viperidae family, regardless of the pathogen involved. On the other hand, promising results were found for the venoms obtained from Daboia siamensis on Gram-positive S. aureus and Agkistrodon piscivorus leucostoma on Gram-negative K. pneumoniae, both with MIC and MBC values of 62.5 μg/mL. Differences in the antibacterial activities of the obtained venoms could also be observed for the two Crotalus species tested, with MIC and MBC of 125 μg/mL for Crotalus atrox and 500 μg/mL for Crotalus polystictus on susceptible species. E. faecalis and E. coli strains were resistant to all tested venoms, while P. aeruginosa was susceptible only to the venoms obtained from the two Agkistrodon species and only at high concentrations (MIC and MBC of 4000 μg/mL). SDS-PAGE analysis was performed separately for Elapidae and Viperidae snake venoms, under identical conditions. The obtained gels were used for protein blotting on a PVDF membrane and the bands were visualised using Ponceau S stain. The venoms obtained from species of the Viperidae family showed a higher diversity of proteinaceous fractions than those obtained from species of the Elapidae family. The digital images of the stained membranes are presented in Figure 3 .
Discussions
The aim of our study was to correlate the qualitative composition of 11 different snake venoms (as determined by SDS-PAGE analysis and correlation of our findings with literature data) and their antibacterial activity, as observed on six different pathogenic bacterial strains. The 11 venoms were selected from two snake families: Elapidae (four species) and Viperidae (seven species). The geographical distribution of the 
Elapidae family
Viperidae family three-finger neurotoxins (approximately 6-9 kDa) and phospholipases A 2 (13-15 kDa). In our study, intense bands appeared at around 15 kDa for all Elapidae venoms tested, which probably correspond to the phospholipases A 2 , as this class of proteins was clearly identified in these venoms in earlier studies (32-35). Unfortunately, the SDS-PAGE conditions used did not offer a better resolution at lower molecular mass, thus, for example, three finger neurotoxins could not be retained on the gel. Another clearly distinguishable band identified in the SDS-PAGE gels of elapid venoms was at around 25 kDa, which, based on literature data, corresponds to the family of cysteine-rich secretory proteins (CRISPs). These single-chain polypeptides were described in the secretions of numerous mammalian exocrine glands and also several snake species, including Naja kaouthia (36, 37) . SDS-PAGE lanes corresponding to Dendroaspis angusticeps, Naja atra, and Naja kaouthia also contained weak bands at around 55 kDa, which could be attributed to SVMPs and sv-LAAOs. Although present in Elapidae venoms, these enzymes usually amount to only a small percentage of their total protein content. For example, Tan et al. found that in venoms of Naja kaouthia from different geographical regions of Asia sv-LAAOs represented only around 1 %, while SVMPs amounted to 2-3 % of all proteins identified (35) . The obtained SDS-PAGE gels suggested that the protein profile of the analysed Elapidae venoms was simple and showed a high similarity between the tested species. The obtained data suggested the lack of peptides with specific antibacterial activity, which is in line with the high MIC and MBC values obtained for these venoms. Furthermore, the homogeneity of the venom composition of the tested elapid species was in line with the similar MIC and MBC values obtained for these venoms.
The tested viperid venoms showed a much more complex protein profile and heterogeneity between species, demonstrated both by the variation in the obtained MIC and MBC values and the SDS-PAGE profiles of these venoms. Viperid venoms displayed a strong, seemingly homogenous band at approximately 15 kDa, which are usually associated with sv-PLA 2 s. As opposed to elapid venoms, higher-molecular weight components predominate in viperid venoms. Hydrolytic enzymes, especially serine proteases, are observable between 25 and 35 kDa, which were absent in the tested elapid venoms (38) . SVMPs are also expected to be abundant in viperid venoms, with P-I class SVMPs visible at approximately 20-30 kDa, P-II class visible at 30-60 kDa, and P-III class visible above 60 kDa (25) . P-I class and P-II class SVMPs were identified on the SDS-PAGE gels as strong bands in the venom of both Crotalus species at around 21 kDa and 55 kDa, respectively. This finding is in line with literature data, which suggest a high abundance of SVMPs in Crotalus venoms (39) .
Although the SDS-PAGE lanes were similar, differences were found in the antibacterial activity of the Crotalus venoms tested, the venom obtained from Crotalus atrox expressing a higher activity than that from Crotalus polystictus on susceptible strains. Interestingly, the venom obtained from Daboia siamensis displayed the highest antibacterial activity against Gram-positive species (S. aureus and MRSA), although its SDS PAGE analysis revealed a very simple composition when compared with other viperid venoms. Daboia siamensis venom also displayed a relatively high activity against Gram-negative K. pneumoniae. The highly expressed sv-PLA 2 is the most probable contributor for its antibacterial effect on Gram-positive bacteria. It was found that the bacterial sensitivity to phospholipases A 2 is highly variable, but generally, Gram-positive bacteria are susceptible, as these enzymes quickly penetrate and damage the bacterial phospholipid bilayer. This is the reason why most venoms showed a good antibacterial effect on Gram-positive bacteria. Within this group, enterococci and streptococci were found to be more resistant than staphylococci, probably due to their ability to replace the degraded phospholipids of the cytoplasmic membrane (40), or due to the possible presence of aggregation substances in enterococci, which makes them spontaneously clump (41) . The asymmetrical distribution of lipopolysaccharides in Gram-negative bacteria limits the access of PLA 2 s to the phospholipid bilayer of the cytoplasmic membrane, providing resistance to phospholipases (40) . Furthermore, many Gram-negative bacteria express phospholipase activity, thus making them naturally unresponsive to this class of enzymes (42). The ExuU gene of many Pseudomonas species encodes a bacterial phospholipase A 2 , which provides the specific phospholipase activity (43) . Outer membrane phospholipases have also been described for several other Gram-negative bacteria (42). The highly active proteolytic equipment of P. aeruginosa may also explain the high resistance of this bacterial species against the tested venoms. The different response of Gram-negative bacteria to the tested venoms, especially the sensitivity of K. pneumoniae may be attributed to the variation of carbohydrate binding specificity of the venom components or to the structural diversity of the bacterial glycoconjugates (44) . Based on literature data, the bands observed on our SDS-PAGE correspond to PLA 2 s (~15 kDa), serine proteases (~34 kDa), and SVMPs (P-I class at ~23 kDa, P-II class at ~55 kDa and P-III class above 60 kDa). Interestingly, no antibacterial activity could be observed for Vipera latastei gaditana venom at a concentration of 4000 μg/mL, although its composition showed similarities to other tested viperid venoms. A possible explanation for the lack of activity of this venom could be that the 15 kDa fragment corresponds to a lectin with low antibacterial effect (46, 47) , rather than to sv PLA 2 s. The missing protein fractions in the range of 15-25 kDa in the lane corresponding to V. latastei gaditana venom may further indicate the lack of sv-PLA 2 s. Another explanation for the lack of antibacterial effect of V. latastei gaditana venom could be that the protein components found in the venom do not possess significant proteolytic activity required to disrupt the bacterial membrane.
Conclusions
The antibacterial activity testing showed a marked difference between venoms originating from elapid and viperid species, with the venoms from viperid species having a significantly higher antibacterial activity, probably due to their content in proteins with proteolytic activity. Based on the obtained protein profile, the most likely components responsible for the antibacterial activity are phospholipases A 2 and metal-loproteinases. Inter-species variation in the antibacterial activity could also be observed, likely caused by differences in the proteolytic activity of the proteins contained in the venoms. The screening of snake venoms for antibacterial activity showed that the most potent venom was that of Daboia siamensis, along with the venom from the two Agkistrodon species. The venoms obtained from Agkistrodon species not only showed low MIC and MBC values for susceptible species, but were the only venoms exerting antibacterial activity on P. aeruginosa. Fractionation and isolation of individual venom components from these species, along with the screening of their antibacterial activity could lead to the identification of new lead molecules for the development of antibacterial agents. 
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